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By employing D6-branes intersecting at angles in D = 4 type I strings, we construct 
the first examples of three generation string GUT models (PS-A class), that contain 
at low energy exactly the standard model spectrum with no extra matter and/or extra 
gauge group factors. They are based on the group SU{4:)c x SU{2)l x S't/(2)/j. The 
models are non-supersymmetric, even though SUSY is unbroken in the bulk. Baryon 
'-^ \ number is gauged and its anomalies are cancelled through a generalized Green-Schwarz 

mechanism. We also discuss models (PS-B class) which at low energy have the stan- 
dard model augmented by an anomaly free U{1) symmetry and show that multibrane 
wrappings correspond to a trivial redefinition of the surviving global U{1) at low en- 
ergies. There are no colour triplet couplings to mediate proton decay and proton is 
stable. The models are compatible with a low string scale of energy less that 650 GeV 
and are directly testable at present or future accelerators as they predict the existence 
of light left handed weak fermion doublets at energies between 90 and 246 GeV. The 
neutrinos get a mass through an unconventional see-saw mechanism. The mass rela- 
tion me = md at the GUT scale is recovered. Imposing supersymmetry at particular 
intersections generates non-zero Majorana masses for right handed neutrinos as well 
providing the necessary singlets needed to break the surviving anomaly free ?7(1), thus 
suggesting a gauge symmetry breaking method that can be applied in general left-right 
symmetric models. 
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1 Introduction 



While string theory remains the only candidate for a consistent theory of fundamental 
interactions it still has to solve some major problems like explaining the hierarchy of 
scale and particle masses after supersymmetry breaking. These phenomelogical issues 
have by far been explored in the context of construction of semirealistic supersymmet- 
ric models of weakly coupled heterotic string theories [1]. Leaving aside the weakly 
coupled heterotic string, = 1 four-dimensional orientifold models [2] represent a 
particular class of consistent string solutions which explore the physics of strongly cou- 
pled heterotic strings. Semirealistic model building has been explored in the context of 

= 1 supersymmetric (SUSY) four-dimensional orientifolds [3]. The main futures of 
the models constructed include an extended gauge group which includes the standard 
model or extensions of it, with a variety of exotic matter. 

Recently some new constructions have appeared in a type I string vacuum back- 
ground which use intersecting branes [4] and give four dimensional non-supersymmetric 
models. These are the kind of models that we will be examining in this work. The 
question that someone might address at this point is why we have to use non-SUSY 
models while in heterotic string compactifications we examined SUSY one's? The rea- 
son for doing so is mainly phenomenologigal. In N — 1 (orbifold) compactifications of 
the heterotic string the string scale was of the order of 10^^ GeV something that was 
in clear disagreement with the observed unification of gauge coupling constants in the 
MSSM of 10^^ GeV. In these models the observed discrepancy between the two high 
scales was attributed to the presence of the N — 1 string threshold corrections to the 
gauge coupling constants [5] . On the contrary in type I models the string scale is a free 
parameter. Moreover, recent results suggest the string scale in type I models can be 
in the TeV range [6]. The latter result suggests that non-SUSY models with a string 
scale in the TeV region is a viable possibility. 

Because in the open string models of [4] background fluxes were used, following 
past ideas about the use of magnetic fields in open strings [7], in a D9 brane type I 
background with background fiuxes ^. it was possible to break supersymmetry on the 
brane and to get chiral fermions with an even number of generations [4]. The fermions 
on those models appear in the intersections between branes [8], [9]. 

After introducing a quantized background NS-NS B field [10, 11, 12], that makes the 

tori tilted, is was then possible to get semirealistic models with three generations [13]. 

^In the T-dual language these backgrounds arc represented by D6 branes wrapping 3-cycles on a 
dual torus and intersecting each other at certain angles. 
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We also note that these backgrounds are T-dual to models with magnetic deformations 
[14]. 

Additional non-SUSY constructions in the context of intersecting branes, from IIB 
orientifolds, consisting of getting at low energy the standard model spectrum with extra 
matter and additional chiral fermions were derived in [15]. The construction involves 
D(3+n) branes wrapping on the compact space T^" x (T^(^"")/Zjv), for n = 1, 2, 3 and 
intersecting at angles in the T^". 

Furthermore, an important step was taken in [16], by showing how to construct the 
standard model (SM) spectrum together with right handed neutrinos in a systematic 
way. The authors considered, as a starting point, IIA theory compactified on 
assigned with an orientifold product x R, where Q is the worldsheet parity operator 
and R is the reflection operator with respect to one of the axis of each tori. In this 
case, the four stack D6-branes contain Minkowski space and each of the three remaining 
dimensions is wrapped up on a different torus. In this construction the proton is 
stable since the baryon number is a gauged U{1) global symmetry. A special feature of 
these models is that the neutrinos can only get Dirac mass. These models have been 
generalized to models with five stack of D6-branes at [17]. For a discussion of non-SUSY 
SM in the context of D3-branes on orbifold singularities see [18]. A different attempt to 
construct non-SUSY GUT models in the context of intersecting branes was made in [19]. 
However, there were some problems with the phenomenology of the SU (5) GUT model 
presented, as some of the Yukawa couplings were excluded and the standard electroweak 
Higgs scalar was not realized, while proton decay problems appeared. Also SUSY 
constructions in the context of intersecting branes were considered in [20]. Nevertheless, 
despite the fact that much progress has been made, constructing string models with 
interesting phenomenology is still a difficult task. 

The purpose of this paper is to present the first three generation string models 
that are based on a grand unified gauge group, and contain at low energy exactly 
the standard model spectrum, namely SU{3)c x SU{2)l x C/(l)y, without any extra 
chiral fermions and/or extra gauge group factors. The four-dimensional models are non- 
supersymmetric intersecting brane constructions and are based on the Pati-Salam (PS) 
SU{A)c X SU{2)l X SU{2)r gauge group [21]. The basic structure behind the models 
includes D6-branes intersecting each other at non-trivial angles, in an orientifolded 
factorized six-torus, where Oq orientifold planes are on top of D6-branes. 
The proposed models have some distinctive features : 

• The models (characterized as belonging to the PS-A class) start with a gauge 
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group at the string scale U{4) x f/(2) x U{2) x U{1). At the scale of symmetry 
breaking of the left-right symmetry, Mquti the initial symmetry group breaks 
to the the standard model SU{'i)c x SU{2)l x U{1)y augmented with an extra 
anomaly free C/(l) symmetry. The additional C/(l) symmetry breaks by the 
vev of charged singlet scalars, e.g. sf^, to the SM itself at a scale set by its 
vev. The singlets responsible for breaking the U{1) symmetry are obtained by 
demanding certain open string sectors of the non-SUSY model to respect N —1 
supersymmetry. 

• Neutrinos gets a mass of the right order, consistent with the LSND oscillation 
experiments [22], from a see-saw mechanism of the Frogatt- Nielsen type [23]. The 
structure of Yukawa couplings involved in the see-saw mechanism [24] supports 
the smallencss of neutrino masses thus generating a hierarchy in consistency with 
neutrino oscillation experiments. 

• Proton is stable due to the fact that baryon number is an unbroken gauged global 
symmetry surviving at low energies and no colour triplet couplings that could 
mediate proton decay exist. Thus a gauged baryon number provides a natural 
explanation for proton stability. As in the models of [16] the baryon number 
associated U{1) gauge boson becomes massive through its couplings to Green- 
Schwarz mechanism. That has an an immediate effect that baryon number is 
surviving as a global symmetry to low energies providing for a natural explanation 
for proton stability in general brane-world scenarios. 

• The model uses small Higgs representations in the adjoint to break the PS sym- 
metry, instead of using large Higgs representations, e.g. 126 like in the standard 
50(10) models. 

• The bidoublet Higgs fields h responsible for electroweak symmetry breaking do 
not get charged under the global C/(l) and thus lepton number is not broken at 
the standard model. 

We should note that in the past three generation four dimensional string vacua 
that include the SU{A)c x SU{2)l x SU{2)r gauge group together with extra matter 
and additional non-abelian gauge group structure have been discussed both in the 
context of supersymmetric vacua coming from orientifolds of type HB [25] and from 
non-supersymmetric brane-antibrane pair configurations [26]. For some other proposals 
for realistic D-brane model building, based not on a particular string construction, see 
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[27] for the standard model, [28] for the PS model or for the standard model in a 
non-compact set-up [29]. 

The paper is organized as follows. In chapter two we describe the general char- 
acteristics of the models, with particular emphasis on how to calculate the fermionic 
spectrum from intersecting branes, as well providing the multi-parameter solutions 
to the RR tadpole cancellation conditions. We discuss two kinds of models, charac- 
terized in this work as belonging to the PS-A, PS-B classes of models. In addition 
we discuss how the PS-A classes of models accommodate singlet fields. The latter 
fields are necessary in order to break the surviving U{1) symmetry and getting just 
the SM at low energy. In chapter 3 we examine the cancellation of C/(l) anomalies 
via a generalized Green-Schwarz (GS) mechanism finding the general solution for the 
non-anomalous U{1) which remains light. We also discuss arguments related to multi- 
wrapping branes and show that they correspond to a trivial redefinition of the global 
non-anomalous U{1) surviving the GS mechanism. In chapter 4 we discuss the Higgs 
sector of the model involving the appearance of Higgs scalar responsible for breaking 
the PS S'f/(4) (g) SU{2)r symmetry at the intermediate grand unified scale Mqut and 
the electrowcak breaking Higgs scalars. We also discuss how the imposition of super- 
symmetry in particular sectors of the classes of models succeeds to break the PS-A class 
to the SM itself at low energies, even though there is not a similar effect for the PS-B 
class of models. In chapter 5 we examine the problem of neutrino masses. We also show 
that for the PS-A class of models all additional fermions beyond those of SM become 
massive and disappear from the low energy spectrum. In this section, we describe in 
detail how the presence of supersymmetry in particular sectors of the theory realizes 
the particular couplings taking part in the see-saw mechanism. We also discuss bounds 
for the string scale and right handed neutrino masses that follow from the Yukawa 
couplings of the models. Chapter 6 contains our conclusions. Finally, Appendices I, 
II include the conditions for the absence of tachyonic modes in the spectrum of the 
PS-A, PS-B class of models presented, while in Appendix HI we provide an equivalent 
structure to PS-B class of models presented in the main boby of this article together 
with its tadpole solutions. 
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2 The models and the rules of computing the spec- 
trum 



In the present work, we are going to look for a three family non-supersymmetric model 
that is based on the left-right symmetric SU{A)c x SU{2) l x SU{2)r Pati-Salam model 
with the right phenomenological properties and discuss in more detail its phenomenol- 
ogy. It will come from D6-branes wrapping on 3-cycles of toroidal orientifolds of type 
I in four dimensions. We will preseent a simultaneous discussion of the two classes 
of PS models, PS- A and PS-B, so unless otherwise stated the discussions will hold 
for both classes of models. Let at this point describe the general futures of the non- 
supersymmetric SU{A)c X SU{2)l X SU{2)r model. Important characteristic of all 
vacua coming from these type I constructions is the replication of massless fermion 
spectrum by an equal number of massive particles in the same representations and 
with the same quantum numbers. 

The quark and lepton fields appear in three complete generations and are accommo- 
dated into the following representations : 

Fl = (4,2,1)= g(3,2,i)+ /(l,2,-i)= [u, d, I), 

Fr = (4,1,2)= K^(3,l,-^) + d^(3,l,^) + e^(l,l,l) + 7V^(l,l,0) = (ii^ci^r), 

(2.1) 

where the quantum numbers on the right hand side of (2.1) are with respect to the 
decomposition of the SU{4:)c x SU{2)l x SU{2)r under the SU{3)c x SU{2)l x U{1)y 
gauge group and / = {u, e) is the standard left handed lepton doublet, l'^ — {N"^, e"^) 
are the right handed leptons. Note that the assignment of the accommodation of the 
quarks and leptons into the representations Fl+Fr is the one appearing in the spinorial 
decomposition of the 16 representation of SO{10) under the PS gauge group. 
A set of useful fermions appear also in the model 

XL= (1,2,1), XR^ (1,1,2). (2.2) 

These fermions are a general prediction of left-right symmetric theories. As we com- 
ment later the existence of these representations in the model follows from RR tadpole 
cancellation conditions. 

The symmetry breaking of the left-right PS symmetry at the Mqut breaking scale ^ 
^In principle this scale can be lower than the string scale. 
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proceeds through the representations of the set of Higgs fields, 



H,^ (4,1,2), H,= (4,1,2), (2.3) 

where, e.g. 

= (4, 1, 2) = uh{1 1, 1) + dni^, 1, —) + enih 1, -1) + Mh h 0). (2.4) 

The elcctrowcak symmetry is dehvered through bi-doublet Higgs fields hi i = 1,2, field 
in the representations 

h^= (1,2,2), h2= (1,2,2) . (2.5) 



Also present are the massive scalar superpartners ^ of the quarks, leptons and antipar- 
ticles 

= (4, 1, 2) = u%{3, 1, ~) + dU^, 1, ^) + e%{l, 1, 1) + 7V^(1, 1, 0) = «, d%, 1%). 

(2.6) 

Also, only for the PS-A class models, a number of charged exotic fermion fields appear 
12(6,1,1), 6(6,1,1), 6(10,1,1), 24(1,1,1,1) (2.7) 
as well as the singlets 

24(1,1,1)^ (2.8) 

Next, we describe the construction of the PS classes of models. It is based on 
type I string with D9-branes compactified on a six-dimensional orientifolded torus T^, 
where internal background gauge fluxes on the branes are turned on. By performing 
a T-duality transformation on the X ^ X ^ X ^, directions the D9- branes with fluxes are 
translated into D6-branes intersecting at angles. The branes are not paralled to the 
orientifold planes. We assume that the D6a- branes are wrapping 1-cycles (n^, m^) along 
each of the torus of the factorized torus, namely ^T^ xT^ xT^. 

In order to build a PS model with minimal Higgs structure we consider four stacks 
of D6-branes giving rise to their world- volume to an initial gauge group C/(4) x [/ (2) x 
U{2) X U{1) at the string scale. In addition, we consider the addition of NS B-flux, 
such that the tori are not orthogonal, avoiding in this way an even number of families, 
and leading to effective tilted wrapping numbers, 

(//'.m = m^ + n72); n, m e Z, (2.9) 
^These fields are replicas of the fermion fields appearing in the intersection ac of table one. 
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that allows semi-integer values for the m-numbers. 

Because of the flTZ symmetry, where fl is the worldvolume parity and TZ is the reflection 
on the T-dualized coordinates, 

T{nn)T'^ = Q7^, (2.10) 

each D6a-brane 1-cycle, must have its QTZ partner (n^, —ml). 

Chiral fermions are obtained by stretched open strings between intersecting D6- 
branes [9] . The chiral spectrum of the models is obtained after solving simultaneously 
the intersection constraints coming from the existence of the different sectors together 
with the RR tadpole cancellation conditions. 

There are a number of different sectors, which should be taken into account when 
computing the chiral spectrum. We denote the action of flR on a sector a, (3, by a*, (3*, 
respectively. The possible sectors are: 

• The a(3 + (3a sector: involves open strings stretching between the D6q, and D6/3 
branes. Under the flR symmetry this sector is mapped to its image, a* (3* + (3* a* 
sector. The number, I^p, of chiral fermions in this sector, transforms in the 
bifundamental representation {Na,Na) of U{Na) x U{Np), and reads 

/a/3 = «mj - ml^nj^){nlml - mln^^){nlm^p - m^nj), (2.11) 

where /q/? is the intersection number of the wrapped cycles. Note that the sign of 
Ia/3 denotes the chirality of the fermion and with lap > we denote left handed 
fermions. Negative multiplicity denotes opposite chirality. 

• The aa sector : it involves open strings stretching on a single stack of D6q, branes. 
Under the QR symmetry this sector is mapped to its image a*a*. This sector 
contain J\f = 4: super Yang Yills and if it exists SO(N), SP(N) groups appear. 
This sector is of no importance to us as we are interested in unitary groups. 

• The aP* + P*a sector : It involves chiral fermions transforming into the (iV^, Np) 
representation with multiplicity given by 

lap* = + m>J)(n>J + m>J)(n>| + m^n|). (2.12) 

Under the QR symmetry transforms to itself. 

• the aa* sector : under the QR symmetry is transformed to itself. Prom this sector 
the invariant intersections will give Sm^m^m^ fermions in the antisymmetric rep- 
resentation and the non-invariant intersections that come in pairs provide us with 
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'iml^m'^m'^^nl^n^nl^ — 1) additional fermions in the symmetric and antisymmetric 
representation of the U {No) gauge group. 

Any vacuum derived from the previous intersection number constraints of the chiral 

spectrum is subject to constraints coming from RR tadpole cancellation conditions 
[4]. That requires cancellation of D6-branes charges ^, wrapping on three cycles with 
homology [Ha] and 06-plane 7-form charges wrapping on 3-cycles with homology [Hog]. 
In formal terms, the RR tadpole cancellation conditions in terms of cancellations of 
RR charges in homology, read : 

YlNaiUa] +J2N^*[U^.] - 32[noe] = 0. (2.13) 

a a* 

Exphcitly, the RR tadpole conditions read : 

J2Nanlnlnl= 16, 

a 

J^Namlmlnl^ 0, 

a 

T.Namlnlml= 0, 

a 

J2N,nlmlml^ 0. (2.14) 

a 

That ensures absensc of non-abelian gauge anomalies. A comment is in order. It is 

important to notice that the RR tadpole cancellation condition can be understood 

as a constraint that demands that for each gauge group the number of fundamentals 

to be equal to the number of bifundamenals. As a general rule to D-brane model 

building, by considering a stacks of D-brane configurations with Na,a = 1, ■ ■ ■ , iV, 

paralled branes, the gauge group appearing is in the form U {Ni) x U{N2) x • • • x U{Na). 

Effectively, each U {N^) factor will give rise to an SU (N^) charged under the associated 

U{li) gauge group factor that appears in the decomposition SU{Na) x U{la). A type I 

brane configuration with the unique minimal PS particle content such that intersection 

numbers, tadpole conditions and various phenomenological requirements including the 

absence of exotic representations are accommodated, can be obtained by considering 

four stacks of branes yielding an initial C/(4)o x U{2)f, x C/(2)c x U{l)d gauge group 

equivalent to an SU{4:)a x SU{2)b x SU{2)b x U{l)a x U{l)b x U{l)c x U{l)d. Thus, 

in the first instance, we can identity, without loss of generality, SU{4:)a as the 5'C/(4)c 

colour group that its breaking could induce the usual SU{3) colour group of strong 

interactions, the SU{2)i, with SU{2)l of weak interactions and SU{2)c with SU{2)r. 

*Taken together with their orientifold images (njj, — ) wrapping on three cycles of homology 
class [Ha*]. 
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The complete accommodation of the fermion structure of the model under study 

can be seen in table one. 



Fields 


Intersection 


. SUi4)c X SU{2)l X SU{2)r • 


Qa 


Qb 


Qc 


Qd 


Fl 


lab* = 3 


3 X (4,2,1) 


1 


1 








Fr 


^ac — 3 


3 X (4,1,2) 


— 1 





1 





XL 


hd = -12 


12 X (1,2,1) 





-1 





1 


XR 


led' = -12 


12 X (1,1,2) 








-1 


-1 


OJl 


ha* 


12/J2g X (6, 1, 1) 


2e 











zr 


ha* 


6/32g X (10, 1, 1) 


-2i 











sl 


Idd* 


24/32g X (1,1,1) 











-2i 



Table 1: Fermionic spectrum of the SU{4)c x SU{2)l x SU{2)ji, type I models together 
with U{1) charges. The spectrum appearing in the full table is of PS-A models. The top 
part corresponds to PS-B models. Note that the representation context in the bottom part 
is considered by assuming e = 1. In the general case e = ±l. Ife=— 1 then the conjugate 
fields should be considered, e.g. if e = —1, the lol field should transform as (6, 1, l)(_2,o,o,o)- 

We note a number of interesting comments : 
a)Two main directions towards model building classes of PS-models will be emphasized 
in this work. Wc can either choose to include sectors aa* in the model, we call this class 
of models type PS-A or not to include them, we call this class of models type PS-B. In 
the former case, PS-A, the surviving gauge group at low energies is exactly the SM. We 
get, at low energies, just the fermionic content of the SM spectrum with all particles 
having the correct hypercharge assignment. The fermionic spectrum of PS-A models 
is given by the full spectrum appearing in table (1). The tadpole solutions in this case 
appear in table (3). In the latter case, PS-B classes of models, the gauge group at low 
energies is the SM augmented by an extra anomaly free U{1). The tadpole solutions 
for PS-B models appear in table (4). The fermionic particle content of PS-B models 
appear in the four top rows of table (1). 

Also, in order to realize certain couplings we will impose that some intersections 
will preserve some supersymmetry. In both PS-A, PS-B models, some massive fields 
will be "pulled out" from the massive spectrum and become massless. For example, in 
order to reahze a Majorana mass term for the right handed neutrinos for both PS-A, 
PS-B models we will demand that the sector ac preserves = 1 SUSY. That will have 
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as an immediate effect to "pull out" from the massive mode spectrum the particles. 

b) The intersection numbers, in table one, of the fermions Fi + F^ are chosen such 
that lac — ~3, lah — 3. Here, —3 denotes opposite chirahty to that of a left handed 
fermion. The choise of additional fermion fields (1,2, 1), (1, 1,2) is imposed to us by 
the RR tadpole cancellation conditions that are equivalent to SU (No) gauge anomaly 
cancellation, in this case oi SU{2)l, SU{2)r gauge anomalies, 

Y^haNa^O, a = L,R. (2.15) 

i 

c) The PS-A, PS-B classes of models lack representations of scalar sextets (6, 1, 1) 
fields, that appear in attempts to construct realistic 4D = 1 PS heterotic models 
from the fermionic formulation [30] or in D-brane inspired models [28], even through 
examples of heterotic fermionic models where those representations are lacking exist 
[32]. Those representations were imposed earlier in attempts to produce a realistic PS 
model ^ as a recipe for saving the models from proton decay. Fast proton decay was 
avoided by making the mediating dn triplets of (2.4) superheavy and of order of the 
SU{2)ji breaking scale via their couphngs to the sextets. In the models we examine 
in this work, baryon number is a gauged global symmetry, so that proton is stable. 
Thus there is no need to introduce sextets to save the models from fact proton decay 
as proton is stable anyhow. 

Also in this case, there is no problem of having becoming light enough and causing 
catastrofic proton decay, as the only way this could happen, is through the existense 
of the dn coupling to sextets to quarks and leptons. But such a coupling is forbidden 
by the symmetries of the models by construction. 

Also, the PS-B model class has some shortcomings. The weak and right doublets xl, 
Xr respectively survive massless at low energies of order Mz- Both massless particles 
are unwelcome as they are not observed at energies of order Mz- Nevertheless this 
case is interesting as a number of useful conclusions could be derived from the study 

of those models. 

To be convinced that scalar sextet fields cannot exist in intersecting PS-B type I D- 
brane models let us imagine that they do existed ^. Then it may then be easily seen 
that with four stacks of branes, they would have to be ^ in the form : 
^See the first reference of [30]. 

^Introducing scalar sextets in this case would demand imposing iV = 1 SUSY in this sector such 
that the full N = 1 sextet hypermultiplet would be massless. 

^An alternative equivalent choise of (6, 1, 1)( i_o,o, -!)> (6, 1, l)(-i,o,o,i) would demand lad = 1, 
lad = — 1 which is impossible anyway to accommodate. Even by using a PS-B model with five stacks 
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(6, 1,1)( 1,0,0,1), (6,l,l)(_i,o,o,-i). (2.16) 

This choise is consistent with the cancellation of mixed anomalies of C/(l)'s with the 
non-abelian gauge group factors. However, this choise demands 



lad* = -1 for (6, 1, 1); lad* = 1 for (6, 1, 1). 



(2.17) 



Obviously, it is not possible to accommodate simultaneously the two different intersec- 
tion numbers in (2.17), ruling out the problematic representations (2.16). 

For PS-A classes of models, there are no shortcomings. The theory breaks just to 
the standard model SU{3) x SU{2) x f/(l)y at low energies. The complete spectrum 
of the model appears in table (4). The tadpole solutions of PS-A models are presented 
in table (3). 

d) The mixed anomalies Aij of the four surplus C/(l)'s with the non-abelian gauge 
groups SU{Na) of the theory cancel through a generahzed GS mechanism [31, 34], 
involving close string modes couplings to worldsheet gauge fields. Two combinations 
of the C/(l)'s are anomalous and become massive through their couplings to RR fields, 
their orthogonal non- anomalous combinations survives, combining to a single U{1) that 
remains massless. 

e) For PS-A models the constraint 



is not imposed and thus leads to the appearance of the non-trivial chiral fermion 
content from the aa*, dd* sectors with corresponding fermions col, i/r, zr, sz- After 
breaking the PS left-right symmetry at Mqut, the surviving gauge symmetry is that 
of the SM augmented by an anomaly free U{1) symmetry surviving the Green-Schwarz 
mechanism. To break the latter U{1) symmetry we will impose that the dd* sector 
respects = 1 SUSY. Thus singlets scalars will appear, that are superpartners of 
fermions. 

For type PS-B models, in order to cancel the appearance of exotic representations 
in the model appearing from the general DD* sectors, in antisymmetric and symmetric 
representations of the U{Na) group, we require that (2.18) constraint holds ^. 

of branes, or more, e.g. an C/(4) x U{2) x U{2) x U{1) x U{1), it will be impossible to accommodate 

sextet fields like those in (2.16) for similar reasons. 

^The same constraint was working perfectly at the level of building just the standard model at low 

energies, starting from stacks of branes that are not based on a non-GUT group at the string scale. 

For examle see [16] for the four-stack D6 SM and [17] for the five stack D6 SM. 



(2.18) 
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Note that the choise of fermion fields for PS-B models in tabic (4) is absolutely 
minimal, as a different choise of the set of fields with three stacks of branes, does not 
have a tadpole solution as long as we demand (2.18). 

f) Demanding lab — 3, lac — —3, it implies that the third tori should be tilted. By 
looking at the intersection numbers of table one, we conclude that the b-brane should 
be paralled to the c-brane and the a-brane should be paralled to the d-brane as there is 
an absence of intersection numbers for those branes. The complete list of intersection 
numbers for PS-B class is hsted in table two. 



lab* = 3 


lac — 3 


hd = -12 


hd' = -12 


hd = 


/5c = 


45 = 


lac = 


hd' = 


hd = 


hd' = 


/6c- = 



Table 2: List of intersection constraints for the SU{4)c x SU{2)l x SU{2)r type I PS-B 
classes of models. 

The cancellation of the RR crosscap tadpole constraints is solved from parametric 
sets of solutions. For PS-A and PS-B classes of models they are given in tables (3) and 
(4) respectively. 

• Tadpoles for PS-A classes of models 

For the PS-A classes of models, giving just the SM at low energies, the choise of 
wrapping numbers appearing in table (3) satisfies all tadpole conditions but the 
third of eqn's (2.14). The latter becomes 

2ri^ + ^d + ^K-^c)=0, (2.19) 

which may be solved by either 

nl = -2nl ml = ml (2.20) 

or ^ 

2^a= -IT^ ^d^-^^ (2-21) 

or ^ ^ 

2n^= n^=^ (2.22) 

Choosing for example the solutions (2.20) we are effectively making the tadpole 
solutions of table (3) to depend on one integer and the tilted wrapping number 
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ml, the phase parameters e = ±l,e = ±l and the NS-background parameter 
Pi = 1 — bi, which is associated to the parametrization of the NS B-field with 
bi — 0, 1/2. In this case, an example of wrappings satisfying all tadpoles is given 
by the choise of wrappings 

nl = -1, ml = ml = 1, A = 1, = 1/2, e = -1. (2.23) 



iV, = 4 (0,e)(-l,3/2)(-l,-l/2) 

N, = 2 (-1, e)(2, 0)(-l, -1/2) 

7Ve = 2 (1, e)(2, 0)(-l,l/2) 

N,^l (0, e)(2,3)(2, -1) (2.24) 

However, as we will argue later the choise (2.21), or (2.22) is more natural, as the 
choise (2.20) gives that the number of electroweak Higges present in the models 
is zero, an unnatural choise. 

• Tadpoles for PS-B classes of models 

The solution to the tadpole constraints depend on four integer parameters n^, 
n^, n\, nl, the phase parameter e = ±1, the parameter p = 1, 1/3 and the NS- 
background parameter f3 = 1 — bi, which is associated to the parametrization of 
the NS B-field by bi — 0, 1/2, and the condition — 4. The latter condition 
effectively gives the set of values 

a7= [( ±1,±4 ),(±2,±2)], (2.25) 

where by underline we denote permutation of entries. 

We note that the presented two different classes of solutions to the tadpoles, are 
distinguished by the fixed positive or negative entry m-wrapping in the colour 
a-brane. 

In the rest of this section we will be examining the tadpole sohitions of the models 
described in table (4). The choises of wrapping numbers of table (4) satisfy all 
the tadpole constraints. The first tadpole condition in (2.14) reads ^ 

^ + 24 + 24 + ^ + Nnn.n^n, = 16. (2.26) 

^We have added an arbitrary number of Nn branes which do not contribute to the rest of the 
tadpoles and intersection numbers. This is always an allowed choise. We chosen not to exhibit the 
rest of the tadpoles as they involve the identity = 0. Also we have chosen e = 1. 
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{n},rn}) 






Na = 4: 


(0,e) 


(n^,3e/32) 


(e,e72) 


Nt, = 2 




(l//?2,0) 




Nc = 2 


(l,emj) 


(l//32,0) 


{e,-e/2) 


Nd = l 


(0,e) 




(-2e,e~) 



Table 3: Tadpole solutions for PS-A type models with D6-branes wrapping numbers giving 
rise to the fermionic spectrum of the type I model, with the SM, SU{3)c x SU{2)l x U{1)y, 
gaTigc groTip at low energies. The wrappings depend on two integer parameters, n^, n^, 
the NS-background Pi and the phase parameters e = e = ±1. Also there is an additional 
dependence on the two wrapping numbers, integer of half integer, mj, m^. 

To see clearly the cancellation of tadpoles, we have to choose a consistent numer- 
ical set of wrapping numbers, e.g 

p = e = 1, nl^O, nl^O, nl^l, nl^ -1, = 1, A = 1, a = 2, 7 = 2. 

(2.27) 

With the above choise, all tadpole conditions are satisfied but the first, which 
gives 

NDnin2n3 = 16, (2.28) 

The latter can be satisfied with the addition of eight D6-branes with wrapping 
numbers (1, 0)(1, 0)(2, 0), effectively giving to the models the structure 



7V„ = 4 (l,0)(0,-l)(l,3/2) 

N, = 2 (0, 1)(1, 0)(L 3/2) 

TV, = 2 (1, 1)(1, 0)(l,-3/2) 

7V, = 1 (2, 0)(-l,-2)(l,-3/2) 

Nd^8 (1, 0)(1, 0)(2, 0) (2.29) 

Alternatively, we can choose 

p = e = 1, = 0, = 0, = 1, = 1, /32 = 1, /3i = 1, a = 2, 7 = 2. 

(2.30) 
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AT. 






) ™i ) 




(1/A.O) 


(<, -e/32) 




Nb = 2 


/I r) \ 

K,e/3i) 


(V/32,0) 


(e/p,f ) 


Nc = 2 




/-I/O ri\ 
(1/P2,0) 


(eM-^) 


N,i = 1 


(o/-'3i.O) 







Table 4: Tadpole solutions of PS-B type models with D6-branes wrapping numbers giving 
rise to the fermionic spectrum of type I model, with an 5[/"(3)c x SU{2)l x U{1)y x U{1) 
gauge group at low energies, the extra ^7(1) being anomaly free. The parameter p takes the 
values 1,1/3, while there is an additional dependence on four integer parameters, n^, n^, 
nl, nl, the NS-background Pi, i = 1,2, and the phase parameters e = ±1, e = ±1. Note 
the condition = 4 and the positive wrapping number entry on the 3rd tori of the colour 
a-brane. 

With the above choise, all tadpole conditions are satisfied but the first, which 
gives 

4 + NDnin2n3 = 16, (2.31) 

The latter can be satisfied with the addition of six D6-branes with wrapping 
numbers (1, 0)(1, 0)(2, 0), effectively giving the model the structure 



iV„ = 4 (l,0)(0,-l)(l,3/2) 
TV, = 2 (0, 1)(1, 0)(1, 3/2) 
7Ve = 2 (1, 1)(1, 0)(l,-3/2) 
7V, = 1 (2, 0)(l,-2)(l,-3/2) 

Nd^6 (1, 0)(1, 0)(2, 0) (2.32) 
Note that it appears that the wrapping number (2, 0) along the first tori gives 
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rise to an additional U{1) at low energies. However, as we will explain in the next 
section, this is an artifact of the procedure as its presence can be absorbed into 
the surviving, the GS mechanism, massless anomaly free U{1) field, by a proper 
field redefinition. 

f) the hypercharge operator for PS-A, PS-B classes of models is defined as a linear 
combination of the three diagonal generators of the SU{4:), SU{2)l, SU{2)ji groups: 

11 111 
Y = -TsR + -Tb-l, Tsr = diag{l, -1), Tb-l = diag{-, -, -, -1). (2.33) 

Exphcitly, 

g = y + ^TaL- (2.34) 

(2.35) 



3 Cancellation of U(l) Anomalies 

The mixed anomalies of the four [/(l)'s with the non-Abelian gauge groups are 
given by 

AJ = l{I^J-I^J*)N,. (3.1) 

Moreover, analyzing the mixed anomalies of the extra [/(l)'s with the non-abelian 
gauge groups SU (4)c, SU {2)r, SU (2) l we can see that there are two anomaly free com- 
binations Qb — Qc-i Qa~ Qd- Note that gravitational anomalies cancel since D6-branes 
never intersect 06-planes. In the orientifolded type I torus models gauge anomaly can- 
cellation [34] proceeds through a generalized GS mechanism [16] that makes use of the 
10-dimensional RR gauge fields C2 and Cq and gives at four dimensions the couplings 
to gauge fields 

N.mlmlmlf S° A F„ ; n^^ft / A A F^, (3.2) 

JM4 J Ma 

NaU^n^'m' f Bi A ; nlmim^ f A A , (3.3) 

where C2 = -B^ and S| = J(j2y.^(j2'^K Cq with 7 = 1, 2, 3 and I ^ J ^ K. Notice the 
four dimensional duals of B^, B^ : 

C"= [ Ce ;C^ = WC2, (3.4) 

where dC° = -^dB^, dC^ = -i^dB^ 
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The triangle anomalies (3.1) cancel from the existence of the string amplitude in- 
volved in the GS mechanism [31] in four dimensions [34]. The latter amplitude, where 
the U{l)a gauge field couples to one of the propagating B2 fields, coupled to dual 
scalars, that couple in turn to two SU (N) gauge bosons, is proportional [16] to 

-Namlmlmlnlnlnl - 7V„ ^ m>,^mf ,I^J,K (3.5) 

I 

The study of U{1) anomalies in the models is performed separately for PS-A, PS-B 
models. We distinguish two cases : 
• PS-A models 

For this class of models the RR couplings of (3.3), appear into three terms (we 
set for simplicity e = 1) : 

Bl A (^ee[4nl - 2n^ + ^ + ^ F^) , 

S°A(6/32e)(F" + F''). (3.6) 

As can be seen from (3.6) two anomalous combinations of f/(l)'s, e.g. F" + F*^, 
pbj^pc become massive through their couplings to RR fields i?2 ) ^1- Also there are two 
non-anomalous [/(l)'s, the combinations of — Q'^, — Q'^. A third non-anomalous 
combination of L'^(l)'s is made massive by its coupling to B\. 

At this point we should list the couplings of the dual scalars of B^ required 
to cancel the mixed anomalies of the four C/(l)'s with the non-abelian gauge groups 
SU{Na). They are given by 



C° A j [-{F^ A F^) + {F" A F% 
A (3e/32) [(F" A F«) - 4(F'' A F% 

2 ~ 1 1 ~ 

C A [^(F" A F"^) + ^(F'' A F'') - ^(F^ A F'^) - 2n^ee(F'^ A F% (3.7) 
2 2p2 2p2 

Note that the combination of [/(l)'s which survives massless to low energies is 
uniquely given by 

Qi^ «((Qa- Qd)+ {Qb - Qc)), (3.8) 

where k an arbitrary number. 
• PS-B models 
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If we take into account the phenomenological requirements of eqn. (2.18) the RR 
couphngs B2 of (3.3), appear into three terms ^° : 

At this point we should hst the couphngs of the dual scalars of B2 required to cancel 
the mixed anomalies of the four [/(l)'s with the non-abelian gauge groups SU{Na). 
They are given by 

A [(F'' A F'') - (F' A F% 

(2 1 1 2 \ 

^(F» A F") + ^(F^ A + ^(F^ A F^) + ^(F*^ A F'^) , (3.10) 
PPi PP PP2 PPi J 

Notice that the RR scalar 5° does not couple to any field F' as we have imposed 
the condition (2.18) which prevents the appearance of any exotic matter. 
Looking at (3.9) we conclude that there are two anomalous C/(l)'s, + Q'^, Q" + Q'^, 
which become massive through their couplings to the RR 2- form fields Bl , S| and two 
non-anomalous free combinations — Q'^, — Q'^. Note that the mixed anomalies 
Aij are cancelled by the GS mechanism set by the couplings (3.9, 3.10). In addition, 
the combination of the C/(l)'s which remains hght at low energies, and is orthogonal 
to the massive C/(l)'s coupled to the RR fields S|, S|, B^ is 

nl + nl^O, Qi = — ^— (Q, - ^^^(Qa - Qd). (3.11) 

K+^c) /32(2n2 + ^) 

Making the choise of wrapping numbers (2.27), the surviving massless non-anomalous 
U{1) reads 

Qi= {Qb- Qc)+ (Qa- Qd). (3.12) 

Instead, if we make the choise (2.30) the surviving massless non-anomalous U{1) reads 

Qi= {Qb- Qc)- {Qa - Qd). (3.13) 
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We set for simplicity e = 1. 
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Both choises of global f/(l)'s are consistent with electroweak data in the sense that 
they don't break the lepton number. That happens because the bidoublet Higgs fields 
hi, h2 don't get charged. A similar effect holds for (3.8). 

A comment is in order. The interpretation of the presence of the (2, 0) wrapping 
number, in (2.29), (2.32) found in the d-brane of the first tori is subttle in prin- 
ciple. That happens since D-brane gauge theory analysis indicates that it should be 
interpreted either as one brane wrapping twice around the cycle (1,0) or as two branes 
wrapping once around the cycle (1, 0) giving rise to two C/(l)'s, Q\, Q^, where the two 
C/(l)'s correspond to the combinations 

Qi^-iQd + Ql); Qf-iQl-QD- (3.i4) 

The two f/(l)'s listed in (3.14) correspond to open strings stretching between the first 
wrapping of the d-brane, namely Q'd \ and the first wrapping of the extra brane, namely 

However, for the string GUT model which starts at the string scale with four U (l)'s, 
it is only tadpole cancellation that introduces an additional f/(l), from "multiwrap- 
ping". The additional U{1) was not needed at the gauge theory level, as cancellation 
of the mixed U{1) gauge anomalies was already consistent without the need of adding 
an extra U{1). Clearly, at the level of the effective action we shouldn't have found any 
additional C/(l)'s beyond those, four, already present at the string scale 

Lets us now redefine the massless non-anomalous U{1) as 

Qi^Qi= {Qb - Qc) + (Qa - liQ^^ + qT)) , (3.15) 
Qi^Qi^ {Qb - Qc) + {Qa -liQl + Ql + Ql- Ql)) , (3.16) 

where is is clear that we have identify Qd = Q^- Let us rewrite the charges of the 
fermion fields of table one, as 

(4,2,1) [1,1,0,0,0]! I'i) -L, ^J[-l,0,l,0,0]i 

(1,2, l)[o -1,0,1^], (1, l,2)[o,o,-i,-i^[, (3.17) 

where by underline we indicate a simultaneous permutation of the fourth, fifth entries 
for all fermion fields. Thus no additional charges are introduced for the fields beyond 
the already present. It is now clearly seen that the additional U{1), from "multiwrap- 
ping" corresponds just to a field redefinition of the surviving global U{1) at low energies 
^^Note that there is no NSNS b-field in the first torus. 

^^Note that there was no stringy Higgs effect present that could introduce additional gauge bosons. 
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and hence at the level of the effective action at low energy has no physical effect. In 
fact, at the level the cancellation of the mixed global U{1) gauge anomalies its time 
either Q^^^ or Q^^^ get charged. 

Let us close this section by noticing that the non-anomalous massless C/(l) which 
is free from gauge and gravitational anomalies can be written in three more different 
ways. We enumerate them here for consistency. They read : 

Pi^o, Qi= liQb-Qc)- "'"-"L (Qa-Qd), (3.18) 

P\2nl + ^) 7^ 0, Qi = i3'{2nl + |)(g, - Q,) - ^g^(g„ - Qd), (3.19) 



,2 , 



/32(2ng^+7) _^Q^ ^^^^f)^(g.-gc)-(n^ + nj)(ga-g.). (3.20) 

4 Higgs sector, global symmetries, proton stability, 
= 1 SUSY on intersections and neutrino masses 

4.1 Stability of the configurations and Higgs sector 

We have so far seen the appearance in the R-sector of lab massless fermions in the 
D-brane intersections transforming under bifundamental representations N^, N^. In 
intersecting brane words, besides the actual presence of massless fermions at each in- 
tersection, we have evident the presence of an equal number of massive bosons, in the 
NS-sector, in the same representations as the massless fermions [15]. Their mass is 
of order of the string scale and it should be taken into account when examining phe- 
nomenological applications related to the renormalization group equations. However, it 
is possible that some of those massive bosons may become tachyonic especially when 
their mass, that depends on the angles between the branes, is such that is decreases 
the world volume of the 3-cycles involved in the recombination process of joining the 
two branes into a single one [36]. Denoting the twist vector by ('i?i, 'i?2, ''^3, 0), in the NS 
open string sector the lowest lying states are given by 

State Mass 

(-1 + 1?2, ^3, 0) a'M^ = + 1?2 + 1?3) 

(??i,-l + i?2,??3,0) a' = ^{^1-^2 + ^3) (4-1) 

(??1,1?2, -1 + ^3,0) a'M2 = i(^i+^2-??3) 

(-1 + 1^1,-1 + '&2, -1 + 1^3, 0) a'M2 = 1 - + ^2 + ^3) 



^^For consequences when these set of fields may become massless see [35]. 
^^we assume < i?,- < 1 . 
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Exactly at the point, where one of these masses may become massless we have pseser- 
vation of A/" = 1 locally. The angles at the four different intersections can be expressed 
in terms of the parameters of the tadpole solutions. 

We note that in the study of Higgs sector, we will deal separately with the definition 
of the angle structure for the PS-A, PS-B types of PS models. However, where it applies 
we will list the similarities. 

• Angle structure and Higgs fields for PS-A classes of models 

The angles at the different intersections can be expressed in terms of the tadpole 
solution parameters. We define the angles: 

1 1 r\ „ 1 1 nJ,R\ „ 1 1 2i?i ^ 

= -COt-^—L^ ; 02 = -cot-' " \ ; ^3 = -COt-'—^, 

92 = ; §, = -cor^^^ , (4.2) 

where R^i \ i = 1,2 are the compactification radii for the three j = 1, 2, 3 tori, namely 
projections of the radii onto the cartesian axis X^'^^ directions when the NS flux B field, 
b'', k — 1,2 is turned on. 

At each of the four non-trivial intersections we have the presense of four states 
ti,i — 1, - ■ ■ ,4:, associated to the states (4.1). Hence we have a total of sixteen different 
scalars in the model. The setup is seen clearly if we look at figure one. These scalars 
are generally massive but for some values of their angles could become tachyonic (or 
massless) . 

Also, if we demand that the scalars associated with (4.1) and PS-A models may 
not be tachyonic, we obtain a total of twelve conditions for the PS-A type models with 
a D6-brane at angles configuration to be stable. They are given in Appendix I. We 
don't consider the scalars from the aa*, dd* intersections. For these sectors we will 
require later that they preserve N — 1 SUSY. As a result all scalars in these sectors 
may become massive for both PS-A, PS-B models. 

• Angle structure and Higgs fields for PS-B classes of models 
Let us define the angles : 

Oi = 



1 




; 02 = 


1 


-.nlRf' 


O3 = 


1 


, 2Rf 


—cot 


—cot 


—cot 


(3^R? 


P2R? ' 


3pRf 


TT 




TT 




TT 


1 


.,nlR? 




1 


„2 0(2) 




1 


, 2rP 


—cot 


§2 = 


—cot 


; 0, = 


—cot 




4/?24'^ 


3pRf 


TT 




TT 




TT 



where Ri^2 ^'^'S the compactification radii for the three i — 1,2,3 tori, namely projections 
of the radii onto the X^}^ directions when the NS flux B field, U, is turned on. 
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Figure 1 : Assignment of angles between D6-branes on a a type I PS-A class of models based 
on the initial gauge group U{4)c x U (2)^ x U (2)^. The angles between branes are shown on 
a product of T'^ xT"^ xT'^. We have chosen /?i = 1, ml,m\,n\ > 0, e = e = 1. These models 
break to low energies to exactly the SM. 

At each of the four non-trivial intersections we have the presense of four states 
ti,i — 1, - ■ ■ associated to the states (4.1). Hence we have a total of sixteen different 
scalars in the model. The setup is seen clearly if we look at figure two. 

In addition, some interesting relations between the different scalar fields hold e.g 
for PS-B models: 

+ mli.{h) = ml^{t2) + ml^{h) 
^Ib^ih) + m^6*(^3) = rnla{t2) + mlaits) 

(4.4) 

Demanding that the scalars associated with (4.1) in PS-B models may not be tachy- 
onic, we obtain a total of twelve conditions for a D6-brane at angles configuration to 
be stable. They are given in Appendix II. 

Lets us now turn our discussion to the Higgs sector of PS-A, PS-B models. In general 
there are two different Higgs fields that may be used to break the PS symmetry. We 
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Figure 2: Assignment of angles between D6-brancs on a a type I PS-B class of models based 
on the initial gauge group C/(4)c x U{2)^ x C/(2)^. The angles between branes are shown 
on a product of x T'^ x T^. We have chosen p = (3i = 1, nj,,nj,n^,n^ > 0, e = 1. These 
models break to low energy to the SM augmented by an anomaly free U{1) symmetry. 
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remind that they were given in (2.3). The question is if Hi, H2 are present in the 
spectrum of PS-A, PS-B models. The following discussion unless otherwise stated it 
will apply for both classes of models. In general, tachyonic scalars stretching between 
two different branes a, 6, can be used as Higgs scalars as they can become non-tachyonic 
by varying the distance between the branes. Looking at the lac* intersection we can 
answer positively to our question since there are scalar doublets locahzed. They 
come from open strings stretching between the C/(4) a-brane and U{2)r c*-brane. 



Intersection 


PS breaking Higgs 


Qa 


Qb 


Qc 


Qd 


ac* 


Hi 


1 





1 





ac* 


H2 


-1 





-1 






Table 5: Higgs fields responsible for the breaking of 5C/(4) x SU{2)r symmetry of the 
SU (4)c X SU{2)l X SU{2)r type I model with D6-branes intersecting at angles. These Higgs 
are responsible for giving masses to the right handed neutrinos in a single family. 



The H^^s come from the NS sector and correspond to the states 
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State Mass^ 

+ 7?i,i92,0,0) a'(Mass)^+ = |i + 
(^?i,-l + t?2,,0,0) a'(Mass)^_ = ^ + - ^2) 



(-l+7?i,i92,0,0) a'(Mass)^+ = |i + i(i?2-^i) ^^^^ 



where Z3 is the distance^ in transverse space along the third torus, ■j?2 are the 
(relative) angles between the a-, c*-branes in the first and second complex planes re- 
spectively. The presence of scalar doublets can be seen as coming from the field 
theory mass matrix 

{HI H,) (m^) ( f ; ) + h.c. (4.6) 



H* 



where 



{ac*),.2\-l lL9(»c*) _ ,9(«c*)| 
si 1 I n(nr \ niar )\ ^ ar ) / . o\ i I ' V / 



The fields Hi and H2 are thus defined as 



H^^^{H*i±H2) (4.8) 



^^a similar set of states was used in [16] to provide the model with electroweak Higgs scalars. 
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where their charges are given in table (5). Hence the effective potential which corre- 
sponds to the spectrum of the PS symmetry breaking Higgs scalars is given by 

Vmggs = m]j{\H^\^ + \H2\^) + {mlH^H2 + h.c) (4.9) 



where 



57 (ac*) ^ 



= Xk7 ' < = ^K^^-^r^l (4.10) 



The precise values of m|^, m^, for PS-A models, are : 



2 P5-A (C + Cc)^ 2 PS-A 1 ,1 



where Ca('Cc) is the distance between the orientifold plane and the a(c) branes and 9i, 
02 were defined in (4.2). In terms of those data for PS-A models we found : 



(4.12) 



For PS-B models, 



2 PS-B (Ca + Cc)^ 2 PS-B 1 



rriH = } ; rriB = 77^1^1-^2 , 4.13 

a' la' 

where ^a('Cc) is the distance between the orientifold plane and the a(c) branes and ^1, 

Q2 were defined in (4.3). 

The mass can be expressed in terms of the scalar masses (4.1) present, using 

the relations (4.4). Explicitly we found : 



2 PS-B 1 I 2 \ 2 / . M 

"^B = i^'mFu\^rL)-vap^{ix)\ 
1 



2 /j. \ I _2 



2' 
1 

2' 
1, 









-^k(^3)i 








-mljia)! 



(4.15) 
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luterseetion 


Higgs 


Qa 


Q, 


Qr 




be* 


/ii = (l,2,2) 





1 


1 





be* 


/i2 = (l,2,2) 





-1 


-1 






Table 6: Higgs fields present in the intersection be* of tlie SU{4)c x SU{2)l x SU (2)^ type 
I model with D6-branes intersecting at angles. These Higgs give masses to the quarks and 
leptons in a single family and are responsible for electroweak symmetry breaking. 

For PS-A, PS-B models the number of Higgs present is equal to the the intersection 
number product between the a-, e*- branes in the first and second complex planes, 
namely 

nH± ''=^ lac^ = |3e2| = 3. (4.16) 
riH^ ^'^"^ lac* = |e'| = 1. (4.17) 

A comment is in order. For PS-A models the number of PS Higgs is three. That means 
that we have three intersections and to each one we have a Higgs particle which is a 
linear combination of the Higgs Hi and H2- For PS-B models the number of scalar 
doublets present is one, thus the Higgs responsible for breaking the PS symmetry will 
be a linear combination of the Hi, H2. 

There are, however, more Higgs present. In the he* intersection we have present 
some of the most useful Higgs fields of the model. They will be used later to give mass 
to the quarks and leptons of the model. They appear in the representations (1,2,2), 
(1, 2, 2) and from now on we will we denote them as hi, h2. 

In the NS sector the lightest scalar states /i^ originate from open strings stretching 
between the be* branes 

State Mass^ 

(-1 + ^?!, 0,0,0) a'(Mass)' = - i(7?i) (4.18) 
(i?i, -1,0,0) a'(Mass)' = ^ + i(^i) 

where Z23* is the relative distance in transverse space along the second and third torus 
from the orientifold plane, 6*1, is the (relative) angle between the b-, c*-branes in the 
first complex plane. 

The presence of scalar doublets /i^ can be seen as coming from the field theory 
mass matrix 
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{hi h,) (m^) I N + h.c. (4.19) 



hi 



where 



The fields /ii and /i2 are thus defined as 



= , 2 1-1 I (4 20) 



/i± = i(/i*±/i2) . (4.21) 

The effective potential which corresponds to the spectrum of electroweak Higgs hi , 
/i2 is given by 

rbc 



Vh%ss = "^Hilhil' + \h2n + {m^hih^ + h.c) (4.22) 



where 



The precise values of for PS- A classes of models m%, rn% are 

/ ~(2) , ~(2)^2 I /^(S) , t(3)N2 1 

^i.-^ ^^--^^ +^-^^ ; ml ^1-^ + - 1| ; (4.24) 

where ^i, were defined in (4.2). Also Xb,Xc* arc the distances of the b, c* branes 
from the orientifold plane in the second tori and ^6, ^c* are the distances of the b, c* 
branes from the orientifold plane in the third tori. Notice that the b, c* branes are 
par ailed along the second and third tori. 

The precise values of for PS-B models mjj, rn% are 



,2 



where Xb, Xc* are the distances of the b, c* branes from the orientifold plane in the 
second tori and ^b, ^c* are the distances of the b, c* branes from the orientifold plane 
in the third tori. Notice that the 6, c* branes are paralled along the second and third 
tori. The angle 9i, was defined in (4.3) and fh% can be expressed in terms of the scalar 
masses of (4.1) and (4.4). We found 



m 



i = ^I^k(^2) + m|ji3)+mjji2)+mjji3) 
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2\'^h(^2)+m%^{t3)+ml^{t2)+rnl^{t3)\ 



(4.26) 



The number of hi, /i2 fields in the be* intersection is given by the intersection number 
of the 6, c* branes in the first tori for both PS-A, PS-B models, 

n^C \e{ml-ml)l (4.27) 

nit ""'^^ Pi\{nl+nl)\. (4.28) 



A comment is in order. Because the number of the electroweak bidoublets in the PS-A 
models depends on the difference — mj|, it is more natural to solve the remaining 
tadpole constraint (2.19) e.g. by making the choise 

ml-ml = -{f32)i2nl + n^). (4.29) 

Hence, e.g. by choosing = 1, = 2, = 1/2, we get the constraint 

\ml-ml\^ 2, (4.30) 

effectively choosing two electroweak Higgs bidoublets present. Within this choise a 
consistent numerical set of wrappings will be, we choose e = e = 1, ml = —3, ml = — 1 



A^„ = 4 (0, 1)(1, 3/2)(l,l/2) 
N,^2 (-1, -3)(2, 0)(1, 1/2) 
N,^2 (1, -1)(2, 0)(l,-l/2) 

A^, = l (0, 1)(2, 3)(-2, 1) (4.31) 
4.2 Imposing = 1 SUSY on Intersections 

In this section, we will demand that certain sectors respect N — 1 supersymmetry. The 
reasons for doing so will become absolutely clear in the next section. Up to this point 
^^Note that in this section we imposed from the start that the hi, /12 Higgs are present 
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the massless spectrum of the PS-A, PS-B classes of models is that already described in 
table (1). In order for N — 1 SUSY to be preserved at some intersection between two 
branes a, /3 we need to satisfy i'i^^^ ± 'i^a^ ± i^lj, for some choise of signs, where 'j?^^, 
i — 1,2,3 are the relative angles of the branes a, /3 across the three 2-tori. 

A Majorana mass term for neutrinos is absent for PS-A, PS-B models when their 
massless spectrum is only the one given in table (1). This problem will disappear once 
we impose SUSY on intersections. That will have as an effect the appearance of the 
massless scalar superpartners of the Fr fermions, the F^'s, allowing a dimension 5 
Majorana mass term for ur, FrFrF^F^. 

• PS-A models 

We demand that the sectors ac, dd* respect N — 1 supersymmetry. The conditions 
lor N — 1 SUSY on the sectors ac, dd* are respectively: 

±(|+ ±^?2 ±2^3 =0, (4.32) 

±7r ± 2§2 ±2i?3 =0 (4.33) 
These conditions can be solved by the choise, respectively, 

ac^(|+ ^?i) +^?2 -2^?3 =0, (4.34) 

dd* ^ -TT + 2§2 + 2t?3 =0 (4.35) 
and thus may be solved by the choise 

-^1 = ^2 = ^2 = ^3 = ^, (4.36) 

effectively giving us 



ml C/(^) = ^C/(^) = ^C/(^) = ic/(3) = -. (4.37) 

nl nl 2 A 

The latter condition imphes 

2nl = nl (4.38) 

A set of wrapping numbers consistent with this constraint can be seen in (4.31). 

By imposing = 1 SUSY on sectors ac, dd* a massless scalar partner appears in 
each sector. They are the massless scalar superpartner of the fermions Fr, sl, namely 
the F^, respectively. An additional feature of, see (4.37), SUSY on intersections is 

i^We have set C/W = i = 1, 2, 3 
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(4.39) 



that the complex structure moduU W takes specific values, decreasing the degeneracy 
of moduli parameters in the theory. 

A comment is in order. If we list the vectors r describing a SUSY where we 
defined 

ro-±i(+-+-) 

r2 
r3 

then the different SUSY's preserved by the branes a, c, d, d* with the orientifold plane 
can be shown in table (7). As the intersection kl between branes k and 1 will preserve 
the common supersymmetries that the branes k and 1 share with the orientifold plane 
it is manifest from table (4.39) that the sectors ac, dd* preserve = 1 SUSY. Also 
notice that the c-brane preserves & N — 2 SUSY. 



m — ) 



Branc 


el 


el 


01 


SUSY preserved 


a 


2 


7T 

4 


IT 

4 


r2 


c 


7r 
4 





TT 

4 


ri, r2 


d 


7r 

2 


7r 
4 


3lT 

4 


n 


d* 


351- 
2 


4 


571- 
4 


n 



Table 7: Angle content for branes participating supcrsymmctric sectors of PS-A models. 
The supersymmetry that is preserved by each brane with the Oe-plane is shown. 

• PS-B models 

In these models there is no dd* sector, so we impose A^ = 1 SUSY on sector ac only. 
The condition for A^ = 1 SUSY reads 



±79i ±d2 ± (^?3 + 4) = 



(4.40) 



and is solved by 



with 



^1 +^2 - (^?3 + 4) = 

U^_ 3pX 3p"n^ 
C/(3) ~ 2/3i ' C/(3) ~ 2(52 ■ 



(4.41) 
(4.42) 
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see the 1st reference of [35]. 
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4.3 Global symmetries 

Proton decay is one of the most important problems of grand unifies theories. In 
the standard versions of left-right symmetric PS models this problem could is avoided 
as B-L is a gauged symmetry but the problem persists in baryon number violating 
operators of sixth order, contributing to proton decay. In our models, PS-A or PS- 
B, proton decay is absent as baryon number survives as a global symmetry to low 
energies. That provides for an explanation for the origin of proton stability in general 
brane-world scenarios. 

Clearly Qa = 2>B + L and the baryon B is given by 

B = ^° + Qb-l _ ^^^3^ 

As in the usual Pati-Salam model if the neutral component of Hi (resp. H2), 
vh, assumes a vev, e.g <v^>, then the initial gauge symmetry, SU{A) x SU{2)l x 
SU {2)ji X U (l)a X C/(l)b X C/(l)c X [/ can break to the standard model gauge group 
SU{3) X U{2) X U{1)y augmented by the non-anomalous U{1) symmetry QK Lets us 
examine if it would be possible to break the extra U{1) by appropriate Higgsing: 

• PS-A models 

In those models, by imposing SUSY on sector dd* we have the appearance of the 
scalar superpartner of sl, the sl with the same multiplicity. A linear combination of 
the 24/3^ singlets sl gets charged under the anomaly free U{1) symmetry (3.8) and 
thus breaks the PS-A models to exactly the much wanted SM gauge group structure, 

SU{3)®SU{2)(g)U{l)Y. 

Note that it is necessary on phcnomcnological grounds to break the extra non-anomalous 
U (1) (3.8) that survives massless to low energy, as the surviving gauge symmetry should 
be only of the observable standard model. Its breaking may be welcome as it provides 
the low energy standard model fermions with a flavour symmetry. In the case of the 
non-anomalous U{1) (3.8) we deal with these models all SM fermions arc not charged 
under it. Note that the extra non-anomalous U{1) has some important phcnomcnologi- 
cal properties. In particular it does not charge the PS symmetry breaking Higgs scalars 
Hi, H2 thus avoiding the appearance of axions. Note that the only issue remaining is 
how we can give non-zero masses to all fermions of table (1) beyond those of SM. 

• PS-B models 

In this case, even by imposing SUSY on intersections it is not possible to create the 
Higgs particle with the right U{1) charges that could break the extra non-anomalous 
U{1) symmetry to the SM itself. 
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A comment is in order. We note that the scalars coming from the ac sector could 
be used as Higgs scalars that can break the PS left-right symmetry at the Mqut scale. 
In this case it is not necessary to use the scalars as PS breaking Higgses. 

Also the analysis of the Higgs sector and neutrino couplings (that follows) are 
independent of the choises of extra C/(l)'s, (3.8), (3.12), (3.13). 

5 Neutrino couplings and masses 

The analysis of neutrino masses that follows is vahd for both PS-A, PS-B models. 
However, as we will see later in this subsection the class of PS-B models have some 
shortcomings, e.g. the fermions xl-, Xr could not get a mass. 

On the contrary, the class of PS-A models has some remarkable features. Namely, 
all extra fermions apart from SM one's get a mass and disappear from the low energy 
spectrum. The only particles with light mass close to the electroweak scale arc those 
of fermions Xl- We note that the fermions Xl-, Xr is a general prediction of general 
left-right symmetric models in intersecting brane models of type I strings and the 
mechasnism of making them massive was unknown. Here, we find a way for giving 
them a mass in the context of PS models. 

In intersecting brane worlds trilinear Yukawa couplings between the fcrmion states 
Fl, Ff, and the Higgs fields H'' arise from the stretching of the worldsheet between 
the three D6-branes which cross at those intersections. Its general form for a six 
dimensional torus is in the leading order [15], 

yijfc^g-Ai^fc^ (5.1) 

where A^k is the worldsheet area connecting the three vertices. The areas of each of 
the two dimensional torus involved in this interaction is typically of order one in string 
units. To simplify matters we can without loss of generality asssume that the areas of 
the second and third tori are close to zero. In this case, the area of the full Yukawa 
coupling (5.1) reduces to 

yiik ^^-^A^k^ (5.2) 

where R2 the radii and Aij^ the area of the two dimensional tori in the first complex 
plane. For a dimension five interaction term, like those involved in the Major ana mass 
term for the right handed neutrinos the interaction term is in the form 

yZmm _ ^-Aimni (5 3) 
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where Ai^^i the worldsheet area connecting the four interaction vertices. Assuming 
that the areas of the second and third tori are close to zero, the four term couphng can 
be approximated as 

where the area of the Aimni may be of order one in string units. 

The full Yukawa interaction for the chiral spectrum of the PS-A, PS-B models reads : 

X^F,Fnh+ X^^^^^^^il, (5.5) 

where 

Ai = e S' , A2 = e ^ . (0.0) 

and the Majorana couphng involves the massless scalar partners of the antipar- 
ticles Fr. This coupling is unconventional, in the sense that the F^ is generated by 
imposing SUSY on an sector of a non-SUSY model. We note the presence of = 1 
SUSY at the sector ac. As can be seen by comparison with (2.6) the F^ has a neu- 
tral direction that receives the vev < H >. There is no restriction for the vev of F^ 
from first principles and can be anywhere between the scale of elecrtoweak symmetry 
breaking and Mg. 
The Yukawa term 

FlFrH, /i = {/ii,M, (5-7) 

is responsible for the clectroweak symmetry breaking. This term is responsible for 
giving Dirac masses to up quarks and neutrinos. In fact, we get 

XiFlFrH ^ (Ai v) imu''^ + //,iV|) + (Ai v) ■ {d^d'^j + e^ep , (5.8) 

where we have assumed that 

<h>^ \ ^ ° I (5.9) 

We observe that the model gives non-zero tree level masses to the fields present. 
These mass relations may be retained at tree level only, since as the model has a 
non-supersymmetric fermion spectrum, it breaks supersymmetry on the brane, it will 
receive higher order corrections. It is interesting that from (5.9) we derive the GUT 
relation [33] 

= me . (5.10) 
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Of order of the string scale. 
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(GeV) 


103 


650 


600 


550 


500 


450 


400 


350 


246 


v'^/Ms (GeV) 


60 


93.1 


100.86 


110.03 


121.03 


134.48 


151.29 


172.9 


246 



Table 8: Observe that the string scale cannot be at the TeV but lower. Restricting the 
masses, /Mg, of left handed fermion doublets XL to values greater than 90 GeV and up to 
246 GeV, "pushes" the string scale to values less than 650 GeV. The lower mass limit of xl 
pushes the Mg to maximum value. 

as well the "unnatural" 

ruu = ruN'^j, . (5-11) 

In the case of neutrino masses, the "unnatural" (5.11), associated to the v — N'^ 
mixing, is modified due to the presence of the Majorana term in (5.5) leading to a 
see-saw mixing type neutrino mass matrix in the form 

(5.12) 



where 




m = \iv. (5.13) 

After diagonalization the neutrino mass matrix gives us two eigenvalues, the "heavy" 
eigenvalue 

< H >^ 

rUheavy ~ M = , (5.14) 

corresponding to the interacting right handed neutrino and the "light" eigenvalue 



m 



2 



\l v'' Ms 



corresponding to the interacting left handed neutrino. Note that the neutrino mass 
matrix is of the type of an extended Progatt- Nielsen mechanism [23] mixing light with 
heavy states. 

Values of the parameters giving us values for neutrino masses between 0.1-10 eV, 
consistent with the observed neutrino mixing in neutrino oscillation measurements, are 
shown in table (9). The nature of the parameters involved in the Yukawa couplings 
(5.1), generate naturally the hierarchy between the neutrino masses in the models. 

In fact the hierarchy of neutrino masses can be investigated further by examining 
several different scenaria associated with a light mass. As can be seen in table 9 
there are two main options that are available to us: 
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500 


10 


550 


0.906 


77Ai 
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453 


1 
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0.906 


125^1 


500 






453 


10 


550 


0.906 


142^1 


500 


7^0 


7^0 


453 


0.1 



Table 9: Choises of the neutrino mass parameters for the SU{4:)c x SU{2)i x SU{2)r type I 
model, giving us hierarchical values of neutrino masses between 0.1-10 cV in consistency with 
oscillation experiments. The Majorana mass term for the right handed neutrinos involves a 
massive scalar superpartner with mass of order of the string scale. The top row shows the 
neutrino mass hierarchy when {H) = Mg while the bottom part when [H) < Ms- The 
analysis is valid for PS-A, PS-B classes of models. 

• <H > = \Ms\ 

A long as the equality is preserved a consistent hierarchy of neutrino masses is 
easily obtained. It is important to note that the string scale cannot be at the 
TeV but as we will show later it is constrained from the existence of the hght 
doublets xl: to be less than 650 GeV. For simplicity, in table (9) we examine 
values of Mg less than 600 GeV. As long as < H > — \Ms\, the value of the A2 
coupling should take the value one. In this case, the area A2 should tend to zero 
in order to have a non-zero value for the product radii Ri • R2, e.g Ri • R2 ^ 0. 

• <H > < \Ms\ 

In this case the structure of the theory is enough to constrain the ratio of the 
areas Ai, A2 involved in the couplings of the see-saw mechanism. Lets us look 
for example at the top row of the lower half of the table (9). By substituting the 
values of Mg, < H >, rrii,^, m,^^ in (5.14), (5.15), we get the constraint equations 

m^^ R1R2A2 = 0.05, m^^ R1R2A1 = 3.67 (5.16) 

effectively determining the value of the ratio A1/A2 = 77 independently of the 
value of the product moduli RiR2- We note that because of the special nature 
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{M) (UeVj 


iviuji < -cj i^'^e V ) 


DUU.U 


OUU.U 


4iD. / 


ooU.U 


oUU.U 


4o4.o 


500.0 


400.0 


320.0 


600.0 


400.0 


266.7 


650.0 


470.1 


500.0 


650.0 


600.0 


553.8 



Table 10: Bounds on for PS models, given the scales Ms, (H) . 

of (5.14) it is possible given the values for the string and the PS breaking scale 
to determine the maximum values of i/rS such that the product radii R1R2 is 
positive. A range of values for u^i masses is shown in table (10). 

Notice that we have investigated the neutrino massses corresponding to the first 
generation. This result could be extended to covers all three generations. 
Several comments are in order: 
• PS-A models 

Our main objective in this part is to show that all additional particles, appearing 
in table (1), beyond those of SM get a heavy mass and disappear from the low energy 
spectrum. The slight exception will be the light mass of xl which is of order of the 
electroweak symmetry breaking scale. 

Lets us discuss this issue in more detail. The left handed fermions xl receive a 
mass from the coupling 

(1,2,1)(1,2, l)e ~ — (1,2,1)(1,2,1) 

(5.17) 

explicitly, in representation form, given by 

(1; 2, l)(o,i,o -1) (1, 2, l)(o,i,o -1) < (1, 2, 2)(o -1 -1,0) > < (1, 2, 2)(o _i _i,o) > 

X < (4, 1, 2)(_i,o,i,o) > < (4, 1, 2)(i,o,i,o) > < 1(0,0,0,2) > (5.18) 

where we have included the leading contribution of the worksheet area connecting the 
seven vertices. In the following for simplicity reasons we will set the leading contribu- 
tion of the different couplings to one (e.g. area tends to zero). Altogether, xl receives 
a low mass of order v^/Ms- Because there are no experimentally observed charged 
fermions, as can be seen for e+e" interactions below 90 GeV, by lowering the string 
thank Luis Ibanez for this comment. 
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scale below 1 TeV, in fact below 650 GeV, we can push the SU{2)i fermions xl in the 
range between 90 GeV and the scale of electroweak symmetry breaking. A range of 
values showing different values of the string scale in connection to xl masses is shown 
in table (8). 

Also, the xr doublet fermions receive heavy masses in the following way. The mass 
term 

(1.1.2)(1.1.2) <^-><g (5.19) 

can be realized. In explicit representation form 

(1, l,2)(o,o,i,i) (1, l,2)(o,o,i,i) < (4, l,2)(_i,o-i,o) > < (4, 1, 2)(i,o -i,o) > < 1(0,0,0,2) > 

(5.20) 

With vev's < H2 >~< >~ M^, the mass of xr is of order < sf > /Mg. We note 
that in principle the vev of sf^, setting the scale of breaking of the extra anomaly free 
C/(l) could be anywhere between < v > and Mg. However, since Mg is constrained 
to be less or equal to 650 GeV, given the proximity of the intermediate scale and 
the string scale, we could suppose for the rest of this work that ~ Mg. However, 
in principle the vev of can be anywhere between 246 GeV and Mg, the latter up to 
650 GeV. 

The 10-plet fermions zr receive a heavy mass of order Mg from the couphng 

(10,U)(10,U)^^i^^^^£^;^^^^^. (6.21) 
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where we have used the tensor product representations for SU (4), lO^lO = 20+35+45, 
20 ® 4 = 15 + 20, 20 O 4 = 6 + 10, 10 ® 4 = 4 + 36, 4 4 = 1 + 15. Exphcitly, in 
representation form, 

(10, 1, 1) (2,0,0,0) (10, 1, l)(2,o,o,o) < (4, 1, 2)(_i,o,i,o) > < (4, 1, 2)(_i,o,i,o) > 

X < (4, 1, 2)(_i,o,-i,o) > < (4, 1, 2)(_i,o,-i,o) > (5.22) 

The 6-plet fermions, ujl, receive a mass term of order Mg from the coupling, e.g. 
for ujl 

S 

where we have made use of the SU{A) tensor products 6(8)6 = 1 + 15 + 20, 4®4 = 6 + 10. 
Explicitly, in representation form, 

(6, 1, l)(-2,o,o,o) (6, 1, l)(-2,o,o,o) < (4, 1, 2)(i,o,i,o) > < (4, 1, 2)(i,o,i,o) > 

X < (4, 1, 2)(i,o,-i,o) > < (4, 1, 2)(i,o,-i,o) > (5.24) 
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Finally, the singlet fermions sl receive a mass of order Mg from the coupling 

_ _ < >< gf > 

SLSL (5.25) 

Thus only the chiral fermion content of the SM fermions remains at Mz- 
• PS-B models 

While the neutrino sector of those models can give small masses to neutrinos, the 
main shortcoming of the models is that the fermion doublets Xl-, Xr remain massless 
down to the electroweak scale in contrast with the observed low energy phenomenology. 
Also the U{1) symmetry (3.11) survives unbroken to low energies. Thus PS-B models 
are phenomenologically not interesting in this respect. 



6 Conclusions 

In this work, we have presented the first examples of four dimensional string grand 
unified models that can give at low energy exactly the observable standard model 
spectrum and gauge interactions. These models, characterized as PS-A class in this 
work, are based on the Pati-Salam gauge group SU{4:)c x SU{2)l x SU{2)r and are 
derived from D6-branes intersecting at non-trivial angles in four dimensional type I 
compactifications on a six dimensional orientifolded torus. The models have their 
quarks and leptons accommodated in three generations, and possess some remarkable 
features. Among them we mention that the models give some answers as matter as it 
concerns one of the most difficult aspects of gauge hierarchy, apart from the hierarchy 
of scales, that is the smallness of neutrino masses. 

In this case it is particularly easy for the theory to accommodate a neutrino mass 
hierarchy between 0.1-10 eV consistent with oscillation measurements. 

Through out the paper we distinguished the different PS GUT solutions according 
to if the tadpoles admit or not exotic, antisymmetric and symmetric, reprsesentations 
of U{Na) groups coming from brane-orientifold image brane, aa* , sectors. In this way, 
PS-A models, that give exactly the SM at low energies, possess aa* sectors. On the 
contrary, PS-B models which don't admit aa* sectors, failed to produce just the SM 
at low energies. However, some important conclusions were derived from the study 
of PS-B models. We got an interpretation of the appearance of multi-branc wrapping 
in intersecting branes. It appears that, since in the absence of a stringy Higgs effect 
no more additional [/(l)'s may be introduced, the additional C/(l)'s can be absorbed 
into a trivial field redefinition of the non-anomalous t/(l), surviving the Green-Schwarz 
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mechanism at low energies. Moreover, colour triplet Higgs couplings that could couple 
to quarks and leptons and cause a problem to proton decay are absent in all classes 
of models. Proton is stable as baryon number survives as global symmetry to low 
energies. 

We should note that a hint of motivation from searching for Grand Unified models 
(GUTS), comes from the fact that very recently, there is evidense from neutrinoness 
beta-decay, even though not conclusive, for the existense of non-zero Majorana masses 
for neutrinos and lepton number violation [37]. 

Despite the fact,that the models we examined are free of RR tadpoles and, if the angle 
stabilization conditions of Appendices I, II hold, free of tachyons, they will always 
have NSNS tadpoles that cannot all be removed. The closed string NSNS tadpoles can 
be removed by freezing the complex moduli to discrete values [19], or by redefining 
the background in terms of wrapped metrics [38]. However, a dilaton tadpole will 
always remain that could in principle reintroduce tadpoles in the next leading order. 
A different mechanism, involving different type I compactification backgrounds to the 
one used in this article, that could avoid global tadpoles was described in [39] . We note 
that for PS-A models the complex structure moduli can be fixed to discrete values, 
e.g. see (4.37). 

One point that there was no obvious stringy solution with general oricntifolded six- 
torus compactifications is that these models do not offer an apparent explanation for 
keeping the string scale low [6], e.g to 1-100 TcV region. This aspect of the hierarchy 
that makes the Planck scale large, while keeping the string scale low, by varying the 
radii of the transverse directions [6] does not apply here, as there are no transverse 
torus directions simultaneously to all D6-branes [4]. A possible solution, even though 
such manifolds are not known, was suggested in [15] , could involve cutting a ball, to a 
region away from the D6-branes, and gluing a throat connecting the T6 torus to a large 
volume manifold. However, in this work we suggested an alternative mechanism that 
keeps the string scale Mg low. In particular the existence of the hght weak doublets in 
the PS-A models with a mass of order up to 246 GeV, makes a definite prediction for 
a low string scale in the energy range less than 650 GeV. That effectively, makes the 
PS-A class of D6-brane models directly testable to present or feature accelerators. 

The general structure of the GUT models with PS structure presented in this ar- 
ticle contains at low energy the standard model augmented by a non-anomalous U{1) 

^^The Kahler moduli could be fixed from its value at the string scale, using for example the product 
radii in (5.16) but that would mean too large fine tuning for our theory to be naturally existent. 
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symmetry. For the PS- A class this additional U{1) was broken by extra singlets that 
were created after modifying certain non-SUSY sectors such that they preserve N = 1 
supersymmetry. Thus it appears that the model has N — 1 SUSY sectors even though 
overall is a non-SUSY model. Furthermore, the broken, anomaly free C/(l) symmetry, 
charges the fermions of the standard model with an interesting flavour symmetry. 

String models, similar to present, without the presence of exotic matter and/or 
additional gauge group content (from gravity mediating "hidden" sectors) a low ener- 
gies, has appeared in [16, 17], where however, the authors were able to have just the 
standard model at low energies without using a grand unified structure. 

Also, it will be interesting to extend the methods employed in this article, to other 
GUT groups. Summarizing, in the present work, we have shown that we can start 
from a reahstic Pati-Salam structure at the string scale and derive the first GUT string 
examples with exactly the observable standard model at low energies. 
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7 Appendix I 



In the appendix we list the conditions, mentioned in subsection (4.1), under which the 
PS-A model D6-brane configurations of tadpole solutions of table (3), are tachyon free. 
Note that the conditions are expressed in terms of the angles defined in (4.2). 
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8 Appendix II 



In the appendix we list the conditions, mentioned in subsection (4.1), under which 
the PS-B model D6-brane configurations of tadpole solutions of table (1), are tachyon 
free. Note that the conditions are expressed in terms of the angles defined in (4.3) and 
furthermore we have take into account that = i^s. 
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9 Appendix III 



The PS-B models appearing in table one can be proved that can be equivalent to 
the ones created after assigning the alternative accommodation of fermions charges, of 
table 11, below : 



Intersection 


SU{A)c X SU{2)l X SU{2)r 


Qa 


Qb 


Qc 


Qd 


lab' = 3 


3 X (4,2,1) 


1 


1 








lac = — 3 


3 X (4,1,2) 


-1 





1 





hd* = -12 


12 X (1,2,1) 





-1 





-1 


led = -12 


12 X (1,1,2) 








-1 


1 



Table 11: Alternative accommodation of chiral spectrum for the SU{A)c x SU{2)l x SU{2)ji 
type I PS-B models, discussed in the main boby of the paper, together with U{1) charges. 

For the accommodation of Pati-Salam models with alternative fermion charges 
listed in table 11, the full solutions to the tadpole constraints are given by the fol- 
lowing tables : 



N, 


(fi] ■ 


(rij. rnf) 




iVa = 4 


(l//3i,0) 


{nl, -e/32) 


(1/P,f) 


Nb = 2 




(l//32,0) 


(1/P,f) 


N^ = 2 




(l//?2,0) 




N,, = 1 


(n/:7i.O) 




fl//'-f) 



Table 12: First class of solutions for alternative accommodation of fermion charges, of D6- 
branes wrapping numbers giving rise to the fermionic spectrum of the SU{A)c x SU{2)l x 
SU{2)r type I PS-B models of table (1). The parameter p takes the values 1, 1/3, while there 
is an additional dependence on four integer parameters, n^, n^, nl, n]., the NS-background 
Pi and the phase parameter e = ±1. Note the condition 07 = 4 and the positive wrapping 
number entry on the 3rd tori of the a-brane. 
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(l//3i,0) 


{nl, -e/32) 




Nb = 2 


K.e/3i) 


(l//32,0) 




Ne = 2 


(ni,e/?i) 


(l//?2,0) 


(-l/p,-f) 


Nd = l 


(a//3i,0) 




(Vp,-|^) 



Table 13: Second class of solutions, for alternative accommodation of fermion charges, of 
D6-branes wrapping numbers giving rise to the fermionic spectrum of the 5C/(4)c x SU (2) l x 
5C/(2)fj type I PS-B models of table (1). The parameter p takes the values 1, 1/3, while there 
is an additional dependence on four integer parameters, n^, n^, n^, nj, the NS-background 
/3j and the phase parameter e = ±1. Note the condition a'j = 4 and the positive wrapping 
number entry on the 3rd tori of the a-brane. 

The surviving U{1) anomalous in this case reads : 

Ql^ {Qb- Qc)-{Qa + Qd): (9.1) 

where an identical set of wrapping number solutions to (2.30) has been chosen. The 
low energy theory is the standard model augmented by the global gauged U{1) Qi. 
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